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Available online 1 May 2015AbstractThe heat treatable aluminumecopper alloy AA2014 finds wide application in the aerospace and defence industry due to its high strength-to-
weight ratio and good ductility. Friction stir welding (FSW) process, an emerging solid state joining process, is suitable for joining this alloy
compared to fusion welding processes. This work presents the formulation of a mathematical model with process parameters and tool geometry
to predict the responses of friction stir welds of AA 2014-T6 aluminum alloy, viz yield strength, tensile strength and ductility. The most
influential process parameters considered are spindle speed, welding speed, tilt angle and tool pin profile. A four-factor, five-level central
composite design was used and a response surface methodology (RSM) was employed to develop the regression models to predict the responses.
The mechanical properties, such as yield strength (YS), ultimate tensile strength (UTS) and percentage elongation (%El), are considered as
responses. Method of analysis of variance was used to determine the important process parameters that affect the responses. Validation trials
were carried out to validate these results. These results indicate that the friction stir welds of AA 2014-T6 aluminum alloy welded with hex-
agonal tool pin profile have the highest tensile strength and elongation, whereas the joints fabricated with conical tool pin profile have the lowest
tensile strength and elongation.
Copyright © 2015, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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The fusion welding of heat treatable aluminum alloys has
always been a great challenge for designers and technologists.
The difficulties associated with these joints are presence of a
tenacious aluminum oxide, high thermal conductivity, high co-
efficient of thermal expansion, solidification shrinkage, and
adsorbed gases in molten aluminum [1]. In fusion welding,
formation of brittle inter dendritic structure occurs due to
eutectic melting and resolidification of the fusion zone, which
results in decreasing in the mechanical properties like lower
strength, hardness and ductility [2,3]. In addition to the above,* Corresponding author.
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2214-9147/Copyright © 2015, China Ordnance Society. Production and hosting bythe high strength aluminum alloys AA 2014 are prone to so-
lidification cracking. Therefore, the fusion welding processes
are not suitable for joining these alloys.
Friction Stir Welding (FSW) is a solid state joining tech-
nique developed by TWI, Cambridge, in 1991 [4]. FSW is
immune to the defects and property deteriorations such as
melting, solidification, dissolution and or coarsening of pre-
cipitates and softening of heat affected zone. In addition, the
extensive thermomechanical deformation induces dynamic
recovery and dynamic recrystallization that refine the weld
microstructure [5]. Therefore, FSW welds have shown the
improved mechanical properties compared with fusion welds
[6e8]. The present research work focuses on the development
of mathematical models to predict the mechanical properties
(yield strength, tensile strength and percentage elongation) of
FSW joints of aluminum alloy AA2014 and to study theElsevier B.V. All rights reserved.
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speed, welding speed, tilt angle and tool pin profile, on the
mechanical properties of friction stir welded joints.
2. Experimental work2.1. Identifying the important process parametersFig. 2. Warm hole at the retreating side of the weld nugget during FSW withThe primary process parameters affecting the mechanical
properties, yield strength, tensile strength and percentage
elongation were chosen through literature search and several
preliminary lab experimentations. These parameters were
found as rotational speed (x1), welding speed (x2), tilt angle
(x3) and tool pin profile (x4) [9e17] (see Fig. 1).low rotational speed.2.2. Determining the working range of process
parametersSeveral trial experiments were carried out on 5 mm thick AA
2014-T6 aluminumalloy to find out the feasibleworking range of
process parameters. Different combinations of process parame-
ters were used to carry out trial experiments for determining the
working range of each process parameters. These ranges of
process parameters were determined in such a way that the joints
were free from defects. The ranges were fixed using micro-
structure features of the weld cross sections. The following ob-
servations were made on the microstructure features:
a) When the rotational speed was less than 600 rpm, no
sufficient heat was generated and the FSW tool got stuck
in the material and it was not possible to carry out the
welding. Warm hole at the retreating side of the weld
nugget was observed, as shown in Fig. 2, which may be
due to insufficient heat generation and correspondingly
improper material flow. On the other hand, at rotational
speed higher than 1400 rpm, an excess heat was generated
during welding, resulting in the turbulence of material
flow which leads to the formation of fine aluminum
powder.
b) When the welding speed was less than 200 mm/min, at
constant rotational speed, the excess heat was generated,Fig. 1. Cause and effect diagram used for selectwhich resulted in turbulent material flow. When the
welding speed was higher than 1000 mm/min, a warm
hole at the retreating side was observed due to inadequate
flow of material caused by insufficient heat input.
c) When the tilt angle was lower than 1.5, the tunnel and
crack like defects were observed in the middle of the cross
section, due to the improper consolidation of the material
and the insufficient downward force; When the tool tilt
was increased above 3.5, the excess flash and thinning of
the weld due to excessive penetration of the shoulder into
the weld were observed.
d) Tool profile is the secondary process parameter, which
purely influences material flow during welding. The pro-
files of five different tools were chosen viz. conical,
triangular, square, pentagon and hexagon with constant
dynamic volume. The tools are made from H-13 tool steel.
Appearance details are provided in Fig. 3. All these tool
profiles produced sound welds. The cross sections of the
welds produced by different tool profiles were subjected to
metallographic examination to observe the microstructure.
It is clear from the microstructure that the weld produced
by conical profile was subjected to frictional force (ma-
terial drag) exerted by the tool, and the friction dominated
material flow was observed. Whereas the welds producedion of process parameters for optimization.
Fig. 3. Geometry of various tool pin profiles.
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the weld nugget was subjected to excessively worked
microstructure due to the pulsating effect of the tool
profile, which resulted in the better mechanical properties
of the joint (Fig. 4).
AA2014-T6 with 5 mm thick aluminum alloy plates were
cut into the required size (300 mm  80 mm) and the thick-
ness side was machined to get square butt joint configuration
for fabrication of FSW joints. The position controlled Friction
stir welding machine (ETA make Bangalore) was used for
welding, as shown in Fig. 5. The analyzed chemicalFig. 4. Microstructures showing the TMAZ/Wcomposition and mechanical properties of the base metal are
provided in Table 1. The welding direction is perpendicular to
the rolling direction of the plate.
The process parameters and their working range are given
in Table 2. Central composite design was chosen with four
process parameters varying at five levels [18]. Based on the
design matrix, 30 sets of experimental conditions and corre-
sponding responses are presented in Table 3. First 16 experi-
mental conditions are derived from full factorial design
(24 ¼ 16). All the variables at the intermediate (0) level
constitute the center points while the combination of each
process variable at either their lowest (2) or highest (þ2)eld Nugget inter face and weld nuggets.
Fig. 5. Friction stir welding machine.
Table 1
Analyzed chemical composition and mechanical properties of AA 2014
aluminum alloy.
Chemical composition (wt%) Mechanical properties
Cu Si Mn Mg Zn Cr Fe Al Y.S/MPa UTS/MPa %El
4.0 0.8 0.60 0.4 0.25 0.1 0.7 Bal 414 483 13
Table 3
Design matrix with responses (mechanical properties of welds).
Sl. no Process parameters Responses
Standard order Run order x1 x2 x3 x4 % El Y.S/MPa UTS/MPa
1 15 1 1 1 1 1.6 224 273
2 2 þ1 1 1 1 4.45 288 360
3 6 1 þ1 1 1 3.25 275 385
4 10 þ1 þ1 1 1 2.26 289 293
5 11 1 1 þ1 1 1.5 210 225
6 4 þ1 1 þ1 1 2.5 285 320
7 23 1 þ1 þ1 1 4.85 328 407
8 12 þ1 þ1 þ1 1 1.4 286 290
9 19 1 1 1 þ1 3.85 290 367
10 1 þ1 1 1 þ1 8.2 290 413
11 16 1 þ1 1 þ1 2.6 284 291
12 14 þ1 þ1 1 þ1 1.7 268 300
13 7 1 1 þ1 þ1 6.1 292 415
14 30 þ1 1 þ1 þ1 10.85 287 426
15 24 1 þ1 þ1 þ1 8 295 428
16 3 þ1 þ1 þ1 þ1 9 307 428
17 29 2 0 0 0 7.5 302 416
18 9 þ2 0 0 0 4.65 291 369
19 20 0 2 0 0 3.2 269 328
20 25 0 þ2 0 0 2.3 308 318
21 28 0 0 2 0 7.1 301 415
22 5 0 0 þ2 0 9.15 311 435
23 8 0 0 0 2 2.1 300 327
24 13 0 0 0 þ2 2.2 330 445
25 27 0 0 0 0 2.9 303 362
26 18 0 0 0 0 5.2 310 385
27 22 0 0 0 0 2.9 303 376
28 17 0 0 0 0 5.3 308 390
29 26 0 0 0 0 2.9 309 378
30 21 0 0 0 0 5.2 306 382
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constitute the star points. Thus the 30 experimental conditions
allowed the estimation of the linear, quadratic and two-way
interactive effects of the process parameters on the responses
(yield strength, tensile strength and elongation) of friction stir
welded joints. Friction stir welding is carried out as per the
design matrix at random to avoid any error creeping into the
system. The macrographs of friction stir weld surfaces are
shown in Fig. 6. The transverse tensile specimens were
extracted from the weld joints by electro discharge machining
(EDM), prepared and tested on Instron (Model No.1100)
universal testing machine as per ASTM E8M-04 standards.
The yield strength, ultimate tensile strength and percentage
elongation are evaluated and the average of the three speci-
mens is presented as the responses in Table 3.
3. Developing mathematical model3.1. Response surface methodologyResponse surface methodology (RSM) is a collection of
mathematical and statistical techniques useful for analyzing
the problems in which several independent variables influenceTable 2
Process parameters and their working range.
Sl. no Process parameter Levels
2 1 0 1 2
1 Spindle speed
(x1)/rpm
600 800 1000 1200 1400
2 Traverse speed
(x2)/(mm$min
1)
200 400 600 800 1000
3 Tilt angle (x3)/(
) 1.5 2.0 2.5 3.0 3.5
4 Tool profile (x4) Conical Triangle Square Pentagon Hexagona response. The objective of the response surface methodology
is to find those settings of process parameters that give an
optimum value of the response. In addition, it provides a
regression model that establishes relationship between the
process parameters and response. This relationship can be
used to predict the response when the process parameters are
varied within the selected ranges. The regression model
geometrically represents surface, when plotted as response
versus any two process parameters. Such plots make it
possible to visualize the relation between the response and
process parameters. Contour plots for corresponding response
surface facilitate visually to locate the process parameter
values that give optimum response.
The above-mentioned regression model or the response
surface model is the form of
y¼ b0 þ b1x1 þ b2x2þ b3x3þ b4x4þ b11x21þ b22x22 þ b33x23
þ b44x24 þ b12x1x2þ b13x1x3þ b14x1x4þ b23x2x3þ b24x2x4
þ b34x3x4/
ð1Þ
where y ¼ either Y.S or UTS or Percentage elongation as case
may be x1-tool rotational speed, x2-tool traverse speed, x3-tilt
angle, x4-tool profile.
Fig. 6. Macrographs of friction stir weld surfaces of the welds carried out based on design matrix (rotational speed-travel speed-tilt angleetool profile).
213R. KADAGANCHI et al. / Defence Technology 11 (2015) 209e2193.2. Checking for adequacy of modelThe adequacy of the developed model is tested using the
analysis of variance (ANOVA) technique and the results of
second order response surface model fitting in the form of
analysis of variance. ANOVA for yield strength, tensile
strength and percentage elongation are shown in Tables 4e6
respectively. If the calculated value of Fratio of the developed
model is less than the standard Fratio (from F-table) value at a
desired level of confidence 95%, then the model is said to be
adequate within the confidence level. The value of prob > F
for three developed models is less than 0.05 (95% Confidence
level), which indicates that the model is significant and lack of
fit is not significant, as desired [9,15e19]. The normal per-
centage probability vs residual plots for yield strength, ulti-
mate tensile strength percentage elongation are shown in
Fig. 7 which reveals that the residuals are falling on straight
line, which means the errors are distributed normally [20]. The
experimental value vs predicted value of the responses from
regression equations are presented in Fig. 8, which reveals that
there is very good correlation between the experimental value
and predicted value of the responses. All the above consider-
ations indicate an excellent adequacy of the regression models.
All the coefficients were estimated and tested by applying
‘F-test’ using trial version of Design-Expert software for their
significance at a 95% confidence level. After determining the
significant coefficients, the final model was developed to
predict the yield strength (Eq (2)), ultimate tensile strength (Eq(3)) and percentage elongation (Eq (4)) of FSW joints of
AA2014 aluminum alloy as given below:
Y:S¼ 306:37 2:75x1þ 9:75x2 þ 2:5x3 þ 7:83x4 2:4x21
 4:47x22 þ 2:15x24  10:37x1x2 7:5x1x4 7:37x2x3
 11x2x4 2:13x1x2x3þ 10:5x1x2x4þ 4:25x1x3x4
þ 9:13x1x22 þ 6:25x1x2x3x4 20:48x21x22/
ð2Þ
UTS¼ 383:5 17:78x22 16:4x24þ 21:71x4 27:43x1x2
þ 19:44x2x3 23:19x2x4þ 24:69x3x4 ð3Þ
%EL¼ 4:07þ 0:85x3 þ 1:2x4þ 0:97x23 1:08x1x2þ 1:18x3x4
ð4Þ3.3. Optimizing the process parametersIn order to determine the process parameter values that give
optimum response, contour plots were used. These are plotted
for each response vs any of the two influential process pa-
rameters, while keeping other parameters as constant. These
response contours can help in the prediction of the responses
at any zone of the experimental domain. A contour plot is
produced to visually display the region of optimal factor set-
tings. Once the stationary point is found, it is usually
Table 4
ANOVA for yield strength (Reduced quartic model). Analysis of variance table (Partial sum of squares e Type III).
Source Sum of squares Df Mean square F value p-value prob > F
Model 18041.76 22 820.0799 121.6006 <0.0001 Significant
x1 60.5 1 60.5 8.970874 0.0201
x2 760.5 1 760.5 112.7661 <0.0001
x3 50 1 50 7.413945 0.0296
x4 1472.667 1 1472.667 218.3654 <0.0001
x1x2 1722.25 1 1722.25 255.3733 <0.0001
x1x3 30.25 1 30.25 4.485437 0.0719
x1x4 900 1 900 133.451 <0.0001
x2x3 870.25 1 870.25 129.0397 <0.0001
x2x4 1936 1 1936 287.068 <0.0001
x3x4 16 1 16 2.372462 0.1674
(x1)
2 156.025 1 156.025 23.13522 0.0019
(x2)
2 511.225 1 511.225 75.80388 <0.0001
(x4)
2 119.025 1 119.025 17.6489 0.004
x1x2x3 72.25 1 72.25 10.71315 0.0136
x1x2x4 1764 1 1764 261.564 <0.0001
x1x3x4 289 1 289 42.8526 0.0003
x2x3x4 16 1 16 2.372462 0.1674
(x1)
2x2 2.083333 1 2.083333 0.308914 0.5957
(x1)
2x3 36.75 1 36.75 5.44925 0.0523
x1(x2)
2 444.0833 1 444.0833 65.84819 <0.0001
x1x2x3x4 625 1 625 92.67432 <0.0001
(x1)
2(x2)
2 2553.72 1 2553.72 378.6628 <0.0001
Residual 47.20833 7 6.744048
Lack of fit 1.708333 2 0.854167 0.093864 0.912 Not significant
Pure error 45.5 5 9.1
Cor total 18088.97 29
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diate vicinity of the point. Characterization is to identifying
whether the stationary point found is maximum or minimum
response or saddle point. Contour plots play very important
role in the study of the response surface. Trial version of
Design-Expert software is used to optimize the process pa-
rameters for obtaining the maximum responses (mechanical
properties).Table 5
ANOVA for ultimate tensile strength (Surface quadratic model).
Source Sum of squares Df Mean square
Model 70660.58 14 5047.185
x1 126.0417 1 126.0417
x2 0.375 1 0.375
x3 3675.375 1 3675.375
x4 11310.04 1 11310.04
x1x2 12045.06 1 12045.06
x1x3 232.5625 1 232.5625
x1x4 540.5625 1 540.5625
x2x3 6045.063 1 6045.063
x2x4 8602.563 1 8602.563
x3x4 9751.563 1 9751.563
(x1)
2 4.526786 1 4.526786
(x2)
2 8672.17 1 8672.17
(x3)
2 1634.17 1 1634.17
(x4)
2 7382.813 1 7382.813
Residual 19415.42 15 1294.361
Lack of fit 16641.92 10 1664.192
Pure error 2773.5 5 554.7
Cor total 90076 293.4. Confirmation testConfirmation experiments were conducted at the optimum
setting of process parameters. Rotational speed
(x1 ¼ 1000 rpm), traverse speed (x2 ¼ 800 mm/min), tilt angle
(x3 ¼ 3.50) and Tool Profile (x4 ¼ Hexagon) were set, and the
average tensile strength of friction stir welded AA 2014-T6
aluminum alloy was found to be 435 MPa, which was withinF value p-value prob > F
3.899364 0.0065 Significant
0.097378 0.7593
0.00029 0.9866
2.839528 0.1127
8.737934 0.0098
9.305798 0.0081
0.179674 0.6777
0.417629 0.5279
4.670306 0.0473
6.646184 0.021
7.533881 0.015
0.003497 0.9536
6.699962 0.0206
1.26253 0.2788
5.703827 0.0305
3.000165 0.1185 Not significant
Table 6
ANOVA for percentage elongation (Quadratic model).
Source Sum of squares Df Mean square F value p-value prob > F
Model 163.4741 14 11.67672 4.436645 0.0035 Significant
x1 0.352837 1 0.352837 0.134063 0.7194
x2 2.528504 1 2.528504 0.960721 0.3426
x3 17.323 1 17.323 6.581987 0.0215
x4 34.2965 1 34.2965 13.03118 0.0026
x1x2 18.68401 1 18.68401 7.099109 0.0177
x1x3 0.252506 1 0.252506 0.095941 0.761
x1x4 5.990256 1 5.990256 2.276037 0.1522
x2x3 7.009256 1 7.009256 2.663212 0.1235
x2x4 5.534256 1 5.534256 2.102776 0.1676
x3x4 22.34926 1 22.34926 8.491744 0.0107
(x1)
2 5.738357 1 5.738357 2.180326 0.1605
(x2)
2 3.833607 1 3.833607 1.456604 0.2462
(x3)
2 25.802 1 25.802 9.803637 0.0069
(x4)
2 7.527036 1 7.527036 2.859946 0.1115
Residual 39.47821 15 2.631881
Lack of fit 31.30488 10 3.130488 1.915062 0.2452 Not significant
Pure error 8.173333 5 1.634667
Cor total 202.9523 29
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strength. Average yield strength and percentage elongation
were also evaluated at their optimal conditions, and their
values obtained were in the confidence interval.
4. Results and discussion
From the regression models, the effects of friction stir
welding process parameters viz. tool rotational speed, welding
speed, tool tilt angle and tool profile on yield strength, ultimateFig. 7. Normal plots of resitensile strength and percentage elongation of friction stir
welded joints were evaluated. The four operating parameters
considered directly affect on generation of frictional heat and
causes the plastic flow of the material. It is observed that when
the combinations of parameters create very low or very high
frictional heat and material flow, then lower tensile strength is
observed. The friction stir welding process leads to the clus-
tering of the strengthening precipitates in the regions of
TMAZ, HAZ and weld nugget. Therefore, the friction stir
welded joints of aluminum alloys have lower tensileduals for the responses.
Fig. 8. Experimental vs predicted values of the responses.
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gation is also due to localization of strain occurring in the
regions softened by the welding process resulting in a
comparatively low overall strain-to-failure, i.e. elongation
[21]. When the combination of operating parameters increase
the plastic flow of material and the frictional heat, then a
corresponding decrease in the tensile elongation of the joints
was observed. The possible causes for the effects of different
welding parameters on tensile strength and tensile elongation
are interpreted as follows.Fig. 9. Effects of tool rotation speed and traverse speed on yield strength.4.1. Effect of process parameters on yield strengthThe significant terms identified based on Eq. (2) are tool
traverse speed (x2), tool profile (x4) interaction effect of tool
rotational speed and traverse speed (x1x2), traverse speed and
tilt angle (x2x3), traverse speed and tool profile (x2x4), tilt angle
and tool profile (x3x4) etc. The negative co-efficient of tool
rotational speed indicates that the yield strength decreases
with increase in rotational speed, as shown in Fig. 9. Similarly
as the traverse speed increases, the yield strength increases as
shown in Fig. 10.Fig. 10. Effects of traverse speed and tool profiles on yield strength.
Fig. 11. Effects of tool rotational speed and traverse speed on tensile strength.
Fig. 12. Effects of traverse speed and tilt angle on tensile strength.
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speed and tool traverse speed at that heat index is proportional
to tool rotational speed and inversely proportional to tool
traverse speed [22].
HI or
T
Tm
¼ K

u2
w 104
a
ð5Þ
where T is peak temperature, Tm is the melting point of the
material, ‘u’ is rotational speed in rpm, ‘w’ is travel speed in
inch/min, ‘K’ and ‘a’ are material constants and here are
considered as 0.75 and 0.06, respectively. Increased heat index
or heat input results in the metallurgical transformation, such
as dissolution and coarsening of strengthening precipitates in
the weld zone [23], and the lowering of dislocation density
which decreases the yield strength of the friction stir welded
joints [24e26]. The yield strength increase marginally with
increase in tilt angle. As the tilt angle increases, the increase in
consolidation of the material during welding results in the
increased yield strength.
Pin profile plays a crucial role in material flow and in turn
regulates the welding speed of the FSW process. Friction stir
welds are characterized by well-defined weld nugget and flow
contour. These contours are dependent on the tool design and
welding parameters. Oosterkamp et al. identified the role of
tool pin in the FSW, and the tool pin is to extrude the material
from advancing side and forge at retreating side during
translation of the tool [25]. The primary functions of the tool
pin are to stir and plasticize the metal and move behind it to
form sound joint. The joints fabricated by hexagon tool profile
exhibit the highest yield strength irrespective of welding pa-
rameters. The tools with noncircular profiles are associated
with eccentricity during friction stir welding (due to flat faces).
This eccentricity allows hydro-mechanically incompressible
plasticized material to flow more easily around the pin.
Essentially it is the ratio of the static volume (physical vol-
ume) of the pin to dynamic volume (volume generated during
rotation and it is strongly dependent on pin geometry) of the
pin providing a path for the plasticized material to flow from
the leading edge (Advancing side) to the trailing edge
(retreating side). Moreover, the eccentricity of the lobes of
noncircular pins assisting the breaking up of the oxides and
fine grain structure in the nugget is the basis for better tensile
properties. The tool pin profile with flat faces produces the
pulsating effect and better plastic flow of material [15].
Therefore, the friction stir welding tools with 3, 4, 5 and 6
faces, viz. triangle, square, pentagon and hexagon produce theTable 7
Ratio of pin volume to swept volume and no. of pulses for each tool profile.
Sl. no. Profile Pin volume/mm3 Swept
volume/mm3
Ratio No. of pulses
rev1 sec1
1 Conical 86.8 86.8 1 0 0
2 Triangular 35.81 86.8 0.41 3 50
3 Square 55.12 86.8 0.63 4 67
4 Pentagon 65.38 86.8 0.75 5 83
5 Hexagon 71.79 86.8 0.82 6 100joints with increasing order of tensile properties [27]. There is
no pulsating effect in the case of conical tool pin which pro-
duces the joints with lesser tensile properties. Ratio of pin
volume to swept volume and number of pulses for each tool
profile are shown in Table 7.4.2. Effect of process parameters on ultimate tensile
strengthThe significant terms identified based on Eq. (3), are tool
traverse speed (x2), tool profile (x4), interaction effect of tool
rotational speed & traverse speed (x1x2), traverse speed & tilt
angle (x2x3), traverse speed & tool profile (x2x4), and tilt angle
& tool profile (x3x4).
Based on Eq. (3) and Fig. 11, the effects of tool rotational
speed and traverse speed on ultimate tensile strength can be
analyzed, the increase in tool rotational speed with traverse
speed resulted in the increased tensile strength of friction stir
Fig. 13. Effects of traverse speed and tool profile on tensile strength.
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rotational speed the better is the UTS.
The effects of traverse speed and tilt angle on tensile
strength are shown in Fig. 12. UTS is lower at 200 mm/min
and reaches maximum at 600 mm/min and after that there is a
decreasing trend in UTS. It may be due to higher heat input at
lower traverse speed and reaches an optimum heat input at
600 mm/min. Further increase in traverse speed (above
600 mm/min) results in insufficient plastic flow of the material
around the tool due to excess heat generated. The increased
tensile strength was observed with increase in tilt angle (from
1.5 to 3.5) and tool profile (from conical to hexagon). As the
tilt angle increases, the frictional heat increases and the plas-
ticized material under the shoulder is better consolidated. Tilt
angle also improves the tool life by decreasing the thrust on
the tool compared to 0 tilt and by increasing the tool tilt, and
several welding defects can be eliminated, like pin-hole, for-
mation of cavity, and tunnel type defects. The interactive ef-
fect of traverse speed and tool profile on tensile strength is
shown in Fig. 13 and the interactive effect of tilt angle and tool
profile on tensile strength is shown in Fig. 14. From Figs. 13 toFig. 14. Effects of tilt angle and tool profile on tensile strength.14 it can be concluded that, as the traverse speed and tilt angle
increases above 600 mm/min and above 2.5, respectively,
without circular tool pin (hexagon), the tensile strength can
reach to 420 MPa.4.3. Effect of process parameters on percentage
elongationThe significant terms identified based on Eq. (4), are tool
tilt angle (x3), tool profile (x4), interaction effect of tool rota-
tional speed & traverse speed (x1x2), tilt angle & tool profile
(x3x4). From Eq. (4) it can be observed that the effects of tool
rotational speed and tool traverse speed on percentage elon-
gation are negligible. The interactive effect of tool rotational
speed and traverse speed on percentage elongation is shown in
Fig. 15. The interactive effect of tilt angle and tool profile on
percentage elongation is shown in Fig. 16. Increase in tilt
angle resulted in proper consolidation of the material under the
shoulder and non circular (hexagon) tool profiles yielded
worked microstructure which gives high ductility. The welds
carried out using hexagon tool have the highest percentage
elongation whereas the joint using conical tool profile showed
the lowest percentage elongation.
5. Conclusions
1) Regression equations were developed based on the
experimental values of yield strength, ultimate tensile
strength and percentage elongation of the friction stir
welded joints of aluminum alloy AA 2014-T6. The
developed models can be used to predict the responses
within ±10% of their experimental values at 95% confi-
dence level.
2) Based on the regression models the effects of operating
parameters on yield strength, ultimate tensile strength and
percentage elongation of the friction stir welded joints
were presented and interpreted in detail. The hexagon tool
profile produces higher pulsating effect and smoothFig. 15. Effect of tool rotational speed and traverse speed on percentage
elongation.
Fig. 16. Effects of tilt angle and tool profile on percentage elongation.
219R. KADAGANCHI et al. / Defence Technology 11 (2015) 209e219material flow which resulted in the highest tensile strength
and percentage elongation, whereas the conical tool profile
produces the lowest tensile strength and percentage
elongation.
3) The increase in the tool rotational speed or the decrease in
welding speed leads to the increase in heat input to the
weld, and the mechanical properties are affected severely.
4) The increase in the tool tilt angle leads to the better
consolidation of the material under shoulder and the
increased mechanical properties.
5) The joints fabricated using hexagon pin profile tool with a
rotational speed of 1000 rpm, welding speed of 800 mm/
min, and tilt angle of 3.5 exhibited superior tensile
properties compared to other joints.
6) The optimum mechanical properties obtained from the
response surface model are predicted by using a rotational
speed of 1000 rpm, traverse speed of 800 mm/min, tilt
angle of 3.5 degrees and hexagon tool profile.Acknowledgments
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